INTRODUCTION
Nuclear Magnetic Resonance Imaging (NMRI) is an immensely powerful tecrhnlque for non-invasive evaluation in the medical profession.
In materials science, the utility of NMRI as a non~estructive analysis tec.hnique is being el~lored an~ NMRI. is being applled to a number of different problems. - In partlcular, It appears that NMRI can be of great use !r processing and post-processing studies of energetic materials. ,5
These energetic materials (solid rocket propellants and explosive charges) are composed of densely packed solid particles (70 to 90% by weight) within a rubber-like polymer matrix. The so lids content includes the fuel (usually aluminum metal) and an oxidizer (usually ammonium perchlorate). The remainder of the propellant or explosive charge is composed of a polymer matrix, which is a cross-linked rubber that may contain various plasticizers and stabilizers. These materials are typically produced by mixing solid particles into a solution, casting this suspension into place and curing the suspension to a rubber-like solid. During this process, a number of events may occur which might affect product quality: incomplete mixing of the solid and liquid phases; flow-induced changes in suspension microstructure, and uniformity of the dispersion of solid particles. Inhomogeneities and changes in microstructure (particle alignment and long-range order) can cause undesirable alterations in the burn rate 6 for solid rocket propellants or poor blast effectiveness in explosive charges. After manufacture, questions may arise about possible chemical changes which could occur with time, e.9., chemical reactions and/or chemical diffusion. NMRI has the capabillty to distinguish between different chemical species and to non-invasively provide a spatial mapping of these species, and so can effectively provide information about the homogeneity of these highly filled, polymeric materials, as weil as other similar systems of interest. 5 In this paper, we describe how useful some of the currently available techniques of NMRI are to the physical characterization and nondestructive evaluation of these energetic materials. We will also briefly highlight some of the newer techniques which are being developeo that will further enhance the capability of NMRI to evaluate these energetic materials as weil as other materials.
OISCUSSION
Various imaging modalities have been used to evaluate energetic materials. These Imaging modalities, e.g., ultrasound and X-ray, are plagued by a number of problems which are due to either the inherent shortcomings of the technique or to the inherent properties of these materials. NMRI has cert~i~ fdvantages and has the potential to yield the required information. ..
The difficulty in obtaining this spatial information ranges from low for the plasticlzed polymer matrix to high for the solid particles. 4 • 5 For example, the ease with which a 1 H NMR image (an NMR image of the hydrogen density in a material) can be obtained is directly related to the inherent T 2 of the material.
T is defined as the spin-spin relaxation time and it is related to the li~ewidth of a NMR peak in a high resolution NMR spectrum. Broad NMR linewidths imply a short T 2 and a narrow NMR linewidth implies a long T 2. Simply put, T 2 determmes the length of time in wh ich useful spatial information can still be collected. If T 2 is short, the NMRI experiment must be performed as quickly as possible or else the information on the spatial distribution is lost through exponential decay of the available signal. If T 2 is long, the requlrement for speed is lessened and it is a straight forward matter to collect the spatial information. Fig. 1 is a generalized diagram tor a spin-echo, spinwarp imaging experiment commonly in use in biological and some materials science NMR imaging studies. P9 and P 1 0 denote radiofrequency (rf) pulses that rotate the Ruclear ~agnetization by 90 0 and 180 0 and G z ' G and G x are the slice, phase ~no frequency encoding OC magnetic Y field gradients, respectively. All of these parameters, as weil as TE, are under the control of the experimenter. The important parameter in Fig. 1 is TE, the time between P 9Q. and the spin-echo signal. For optimum signal-to-noise in a NMR imaging experiment, the choice for the value of TE is heavily dependent upon the image resolution required and T 2. In solid rocket propellants and eXJ)losive charges, the value tor T ranges trom very small compared to TE to approximately equal to rE. Specifically, the solid particles Under these conditlOns, the length of TE is much longer than the T 2 of the solid particle~ and therefore the solid particles do not contriöute any signal to the H NMR images, only the polymer matrix does. D,pending upon the amount of polymer present (10 to 30% by weight) , a H NMR image of the polymer matrix in propellants or explosive charges can be obtained in as little as a few minutes to a couple hours. Under carefully chosen experiTental conditions, a tYPlcal voxel resolution of 0.1 x 0.1 x 1.0 mm is easily attainable. Fig. 2 shows various 1 H NMR images of different propellant sampies. The most notable features are the 100 to 400 Ilm wide bright features. Additional data on these propellant sampies indicates that most of these bright features are located as isolated regions in the sampies. The likely source of these image features are variations in the plasticizer content. The presence of these bright features indicates that these propellant sampies are not homogeneous and that these types of inhomogeneities are more the norm than the exception. The existence of these inhomogeneities and other types 6 0f inhomogeneities could affect the burn rate of a solid rocket motor. Variations in the burn rate will in turn affect the reliability and predictability of a solid rocket motor. Thus a post-pracessing study can yield information on the homogeneity of a material. In a related area, processing studies utilizing NMRI can also ascertain the effectiveness of 7a process line In mixing the components that make up a propeliant. within the explosive charge. In these cross-sectional 1 H NMR images, it is apparent that these sampies are not of a uniform composition. The bright streaks seen in some of the images indicate that ribbons of polymer rich material have formed during the injection process and have subsequently cured in place. The degree of segregation of the solid and liquid phases during the injection process may be crucial in the armor penetrating performance of this explosive charge. In this preliminary study, the 1H NMR images suggest that a large degree of segregation of the binder and the solid particles has occurred, possibly induced by shear during the injection process.
The 1 H NMR images of these materials contain much more information than just the spatial distribution of the rUbberr polymer matrix. A more quantitative measure of the homogeneity 0 these materials or a monitor of how homogeneity chanp,es with time can be found by examining intensity histograms of each H NMR image. Fig. 4 presents intensity histograms of so me idealized images. In these histograms, the position of the intensity distributions, their areas and widths are all indications of the homogeneity' of the material. Materials which are very homogeneous will exhibit histograms wh ich are simple in shape and narrow in width. An example of which is shown In the top right of Fig. 4 . Materials wh ich are not very homogeneaus will exhibit hlstograms which are very complex, exhibiting a superposition of different distributions of varying width, area and position. Over time, chemical reactions and/or chemical diffusion could occur. The effects of these processes may not be readily apparent in a visual examination of an NMR image, but may be readily apparent in an intensity histogram.
Thus far, we have discussed NMR techniques wh ich are very useful in obtaining information on the rubbery polymer matrix of solid rocket propellants and explosive charges. These techniques, e.g., experiments similar to those depicted in Fig. 1 , cannot be used to image the solid partieles due to their short T 2 . To image the solid partleles via NMRI , one must resort to different teehniques. At present, there are two different general approaehes whieh ean be used to image the solid partieles.
The first approach requires the use of a very large magnetie field gradient. The resolution aehievable in an NMR image is a funetion of the magnitude of the magnetie field gradient, but is ultimately limited by relaxation , i.e., T 2 . In order to resolve a dimension of L1x, the magnetie-field-indueed rrequeney separation, yGL1X, where y is the nuclear magnetogyrie ratio and G is the magnitude of the magnetie field gradient, must be greater than the linewidth, whieh is proportional to 1/T.
One way to generate a suffieiently large magnetic field gra~~nt is to use the fringe field that exists at the edge of a magnet. · Fig. 5 is a magnetie field plot for our 4.7 T Instead of generating a large magnetic field gradient, the other approach is to effectively increase the magnitude of T 2 by averaging the magnetic interactions which limit it in solids. In essence, the trick is to reduce the 20 KHz linewidth to as small a value as possible. By applying a long train of rf puls 1 ß' 'he 20 KHz wide 1 H linewidth can be reduced to 100 Hz or less. ,1 T!JjS general methodology has also been applied to narrow the AI lin~width of the aluminum metal particles embedded in a polymer matrix. With this efficiency in linenarrowing and by inserting magnetic field gradient pulses in between the rf pulses, with magnitudes similar to those used in the spin-echo experiment, resolutions of less than 100 Ilm are achievable. The drawback to these long trains of rf pulses is their limitation to small sam pie sizes, usually less than 10 mm in diameter and approximately 10 mm in length. One of the keys to applying this technique to larger sam pie sizes is to search for rf pulse trains that work reasonable weil for larger sized sampies. That means they should perform weil at low rf field strengths, have larger sized observation wlndows and be intolerant to rf field strength variations. One possible rf pulse train, which we have compare to other rf pulse trains, is shown in Fig. 7 . The form of this rf pulse seqy~nce was found by a computerized search and optimization method. Table 1 presents a comparsion of the linewidths obtained from different rf pulse trains on adamantane, an organic plastic crystal, and polyphenylene sulfide (PPS), an engineering polymer used in composites, under various rf field strengths, observation window sizes and rf pulse sequence cycle times. The magnitudes of the linewidths presented in Table 1 should be viewed on a relative scale, as it has been demonstrated that even better Iin 1 narrowing performance with the 48-pulse sequence can be achieved. 1 As one can see, the 4-pulse sequence, when compared to the 48-pulse sequence although not quite as efficient, does offer adequate linenarrowing performance for NMR imaging applications. On a sampie of adamantane and at the largest 8 1 (rf) field strengths used, the 48-pulse sequence offers the best linenarrowing performance. When the linewidth comparisons are made at a constant 8 1 field strength of 41.7 KHz, the linenarrowing efficiency differences on adamantane and PPS between the 48-pulse sequence and the 4-pulse sequence become smaller. The 4-pulse sequence performs just as weil as the 48-pulse sequence on adamantane, and its linenarrowing efficiency is almost as good as the 48-pulse sequence for the engineering polymer, PPS. One trend for the 4-pulse sequence that is evident IS its linenarrowing efficiency as a function of 8 1 field strengths. For 8 1 field strengths between 25 and 62 KHz, tHe linenarrowing efficiency on adamantane is more or less constant with the 4-pulse sequence, whereas the 48-pulse sequence seems very dependent on the 8 field strength. A weaker dependence on 8 1 field strength is desirabl~ since it means the rf pulse train will be more tolerant to the spatial variations in 8 1 which are invariably present for larger sampies.
COOCLUSIOOS
It has been shown that using the standard spin-echo techniques, the spatial distribution of the polymer matrix can be obtained In solid rocket propellants and explosive charges, or in other systems which exhibit similar properties. For detailed studies on the solid particles imbedded in the matrix, both the use of extremely large magnetic field gradients or the use of linenarrowing methods show promise in obtaining the same type of information on the solid particles as the spin-echo technbqyes do for the polymer matrix. At present, the strayfield techniqueis technically difficult but offers some advantages in terms of ultimate sampie size an? conceptual simplicity.
Current linenarrowing approaches 1 are limited to small sampies sizes but new rf pulse trains, such as the 4-pulse sequence introduced here, promise to reduce this limitation in the future.
